INTRODUCTION
============

Buckwheat is attracting much attention as a health food due to its excellent nutritional properties, well-balanced amino acid composition, and richness in essential amino acid such as lysine, methionine, and tryptophan ([@b1-pnfs-19-327]). Buckwheat proteins have been shown to protect against 1,2-dimethylhydrazine-induced colon carcinogenesis in rats by reducing cell proliferation and cure chronic human diseases by protecting against the effects of blood cholesterol and hyperpiesia ([@b2-pnfs-19-327],[@b3-pnfs-19-327]). However, buckwheat proteins cause potent allergic symptoms, including anaphylaxis, in hypersensitive patients ([@b4-pnfs-19-327]). These symptoms include anaphylactic reactions such as urticaria eruptions, gastrointestinal disorders, and asthmatic attacks, etc. ([@b4-pnfs-19-327]). Several studies have revealed that 8\~9 kDa, 17 kDa, 50 kDa, and 100 kDa buckwheat proteins display robust binding activity against the sera of buckwheat allergic patients ([@b5-pnfs-19-327]--[@b7-pnfs-19-327]). More recently, food allergy researchers have become aware that other fractions of buckwheat proteins also produce a typical allergic reaction ([@b8-pnfs-19-327]--[@b12-pnfs-19-327]). Thus, the allergenicity of buckwheat proteins limits their use as a general food source and additive.

A Maillard reaction-mediated modification technique was used to address this issue in the present study. Previous work has indicated that controlled dry-heating (i.e., Maillard-type glycation) can be used to introduce polysaccharide chains to the molecular surface of target molecules, which drastically reduces the allergenicity of food proteins without the use of chemical reagents ([@b13-pnfs-19-327],[@b14-pnfs-19-327]). In addition, glycation with polysaccharides could favorably alter the surface functionalities of target proteins ([@b15-pnfs-19-327]--[@b18-pnfs-19-327]). The safety of newly-developed compounds formed by Maillard-type glycation has been confirmed ([@b18-pnfs-19-327]). There is concern that this type of modification may reduce available lysine residues because the conjugation occurs by covalent binding of the ɛ-amino groups of proteins to the reducing-end of polysaccharides. Therefore, we determined the number of free amino groups occupied by carbohydrate moieties introduced onto the protein molecules of the whole buckwheat protein fraction (WBP). In addition, we assessed the potential use of WBP as a food-grade ingredient (i.e., emulsifier). The present study demonstrates that Maillard-type glycation of WBP with dextran improves its surface functionalities (e.g., water solubility and emulsifying properties) and attenuates its allergenicity.

MATERIALS AND METHODS
=====================

Materials
---------

Common buckwheat (*Fagopyrum esculentum* Moench) flour was obtained from the Education and Research Center of Alpine Field Science in Shinshu University (Ina, Nagano, Japan). Dextrans with five different molecular masses, 6 kDa (DX6), 15\~20 kDa (DX17.5), 40 kDa (DX40), 50\~90 kDa (DX70), and 200 kDa (DX200) were purchased from MRC Polysaccharide Co., Inc. (Toyama, Japan). Human sera were obtained from four buckwheat-allergy subjects (one male and three females; 12 to 45 years old; [Table 1](#t1-pnfs-19-327){ref-type="table"}). The Sephacryl S-300 column and Q Sepharose FF were obtained from GE Healthcare (Tokyo, Japan). Goat anti-human IgE labeled with HRP was obtained from MorphoSys UK Ltd. (Oxford, UK). All other reagents were of biochemical grade.

Preparation of whole buckwheat protein fraction
-----------------------------------------------

The WBP was prepared according to Urisu et al. ([@b8-pnfs-19-327]) with some modifications. Common buckwheat flour was defatted using acetone and air-dried for one hour to completely remove the solvent. The resulting powder was dissolved in distilled water, 50 mM phosphate buffer, pH 7.5 (PBS), PBS containing 0.1 M NaCl, or PBS containing 0.5 M NaCl and stirred overnight at 4°C. The extract was centrifuged at 6,000 *g* for 15 min at 4°C, and the supernatant was filtered through No. 5A filter paper once (Advantec Co. Ltd., Tokyo, Japan). The proteins were then precipitated out of the solution by stirring overnight at 4°C with 80% saturated ammonium sulfate. The resulting precipitate was collected by centrifugation, dialyzed against distilled water, lyophilized, and used as WBP powder.

Preparation of WBP-dextran conjugates
-------------------------------------

Maillard-type glycation was used to prepare WBP-dextran conjugates according to the method described by Kato et al. ([@b17-pnfs-19-327]). Briefly, WBP was mixed 1:1 with DX6, 1:3 with DX17.5, 1:6 with DX40, 1:12 with DX70, or 1:30 with DX200. These mixtures were incubated at 60°C and 79% relative humidity for 2 weeks. The resulting WBP-dextran conjugates were separated from free proteins and carbohydrates using size exclusion chromatography with a Sephacryl S-300 column followed by ion exchange chromatography with Q Sepharose FF and used for further experiments.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
---------------------------------------------------------

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was conducted according to the method described Laemmli ([@b19-pnfs-19-327]) using a 15% (w/w) acrylamide separating gel with a 5% (w/w) stacking gel containing 1% (w/v) SDS. Samples were heated at 100°C for 5 min in Tris-glycine buffer (pH 8.8) containing 1% SDS and 1% (v/v) 2-mercaptoethanol. Electrophoresis was carried out at a constant current of 15 mA for 3 h using an electrophoretic buffer of Tris-glycine containing 0.1% SDS. After electrophoresis, the gels were stained for protein and carbohydrate with 0.025% (w/v) Coomassie brilliant blue R-250 solution and 0.5% (w/v) periodic acid-Fuchsin solution ([@b20-pnfs-19-327]), respectively.

Determination of free amino groups
----------------------------------

2,4,6-trinitrobenzene sulfonic acid (TNBS) was used to quantify the free amino groups present in the WBP-dextran conjugates according to the method of Haynes et al. ([@b21-pnfs-19-327]).

Determination of solubility
---------------------------

The solubility of WBP in distilled water, PBS, PBS containing 0.1 M NaCl, or PBS containing 0.5 M NaCl was assessed by measuring the absorbance (at 280 nm) of the supernatants of 1 mg protein/mL solutions after centrifugation at 6,000 *g* for 20 min at 4°C.

Measurement of emulsifying properties
-------------------------------------

The emulsifying properties of WBP were determined according to the method described by Pearce and Kinsella ([@b22-pnfs-19-327]). Samples were dissolved in PBS at a concentration of 0.1%, and 3 mL of the sample solution was homogenized with 1.0 mL of corn oil using a Polytron PT3100 (Kinematica AG, Luzern, Switzerland) homogenizer at 6,000 *g* for 1 min at 20°C to prepare an O/W-type emulsion. One-hundred microliter aliquots of the emulsion were taken from the bottom of the test tube after standing for 0 min, 1 min, 3 min, 5 min, 10 min, and 20 min. Each aliquot was diluted with 5.0 mL of 0.1% SDS solution. The absorbance of the diluted emulsions was measured at 500 nm. The relative emulsifying activity of each sample is presented as the absorbance measured at 500 nm immediately after emulsion formation. The emulsion stability was estimated by measuring the half-life time for emulsion decay while standing for 20 min.

Immuno-dot blotting assay
-------------------------

A nitrocellulose membrane sheet was soaked in distilled water overnight, and then 5 μL sample solutions of WBP and WBP conjugates were spotted on to the membrane. Human sera were added to the membrane, the membrane was blocked with 0.3% skim milk, and the membrane was incubated for 1 h at 25°C. Then, the incubation solution (i.e., human sera with 1.0% skim milk) was removed, and the secondary antibody, goat anti-human IgE labeled with HRP, was added. The membrane was incubated for 1 h at 25°C. Finally, bands were visualized with Ez-West-Blue solution (Atto Co. Ltd., Tokyo, Japan) containing 3,3′,5,5′-tetramethylbenzidine and H~2~O~2~. PBS containing Tween-20 was used as washing buffer throughout the immuno-dot blotting assay.

Quartz crystal microbalance analysis
------------------------------------

Antigen-antibody interaction was also determined by quartz crystal microbalance (QCM) analysis ([@b14-pnfs-19-327],[@b23-pnfs-19-327]). Briefly, 2 μL of a serum mixture from four buckwheat allergy patients was immobilized on a gold electrode surface, and the frequency of the electrode was measured with a 27-MHz QCM machine equipped with a frequency counter (Affinix QN system, Initium Inc., Tokyo, Japan). After stabilization, 0.04 mg protein/mL, 0.2 mg protein/mL, 1.0 mg protein/mL, and 5.0 mg protein/mL concentrations of WBP or WBP conjugate dissolved in 50 mM phosphate buffer (pH 7.0) were added to the mixing chamber every 600 s for 3,000 s. Changes in the 27-MHz frequency at the electrode were monitored to determine the interaction between buckwheat antibody and WBP.

Statistical analysis
--------------------

All experiments were performed in triplicate. Data were analyzed using the Student's *t*-test (Microsoft Excel 2010) for comparing differences between treatment means.

RESULTS AND DISCUSSION
======================

Preparation of whole buckwheat protein fraction and dextran conjugates
----------------------------------------------------------------------

Protein solution was prepared from defatted buckwheat flour using distilled water, PBS, PBS containing 0.1 M NaCl, or PBS containing 0.5 M NaCl, and applied for SDS-polyacrylamide gel electrophoresis. As shown in [Fig. 1](#f1-pnfs-19-327){ref-type="fig"}, the largest amount of proteins containing 24 kDa globulin named Fag e 1 ([@b11-pnfs-19-327]) and 16 kDa albumin named Fag e 2 ([@b12-pnfs-19-327]) was obtained by using PBS with 0.5 M NaCl in which the yield was 4.39%. Choi and Ma stated that buckwheat seed storage proteins are rich in salt-soluble globulin and albumin ([@b24-pnfs-19-327]). Thus, we made use of the proteins as WBP for further experiments.

WBP was mixed 1:1 (molar : molar) with DX6, 1:3 with DX17.5, 1:6 with DX40, 1:12 with DX70, or 1:30 with DX200, dissolved in 50 mM PBS, and lyophilized. The resulting powder was incubated at 60°C and 79% relative humidity for 2 weeks to generate a naturally occurring Maillard-type glycation between the ɛ-amino acid groups of proteins and the reducing-end of polysaccharides. As shown in [Fig. 2](#f2-pnfs-19-327){ref-type="fig"}, this process resulted in the formation of WBP-dextran conjugates. The WBP-dextran conjugates can be visualized as newly emerged broad bands that are adjacent to the boundary area between the stacking gel and the separating gel. The location of these bands does not appear to be related to the molecular size of the dextran used. WBP-dextran conjugates were purified with a Sephacryl S-300 column followed by ion exchange chromatography with Q Sepharose FF.

Changes in free amino group content
-----------------------------------

[Fig. 3](#f3-pnfs-19-327){ref-type="fig"} shows the relative number of free amino groups present in the WBP-dextran conjugates. There was a tendency for the small molecular size dextrans to link with the target protein more effectively. WBP conjugates with DX40, DX70, and DX200 had relatively high numbers of free amino groups (i.e., 84.9%, 86.1%, and 87.7%, respectively). Since Fag e 1 and Fag e 2 contain nine and twelve lysine residues, respectively ([@b11-pnfs-19-327],[@b12-pnfs-19-327]), at least seven lysine residues on Fag e 1 and nine lysine residues on Fag e 2, remained available after conjugation of WBP with dextran.

Changes in surface functionalities, including water solubility
--------------------------------------------------------------

[Table 2](#t2-pnfs-19-327){ref-type="table"} summarizes the differences in the solubility of WBP prepared with different salt concentrations. The solubility of all WBP-dextran conjugates was higher than that of native WBP in distilled water and in PBS without NaCl. Previously, we reported that Maillard-type glycation partially alters the tertiary structure and amphiphilicity of proteins due to the introduction of hydrophilic moieties on the molecular surface of the target proteins ([@b16-pnfs-19-327]). A similar phenomenon was observed in all of the WBP-dextran conjugates prepared in this study. Notably, a remarkable improvement in solubility was observed when WBP was conjugated with DX40; the water solubility of the WBP-DX40 conjugate was 1.5 times greater than the water solubility of native WBP.

[Fig. 4](#f4-pnfs-19-327){ref-type="fig"} shows the emulsifying properties of WBP-DX conjugates. We found that the emulsifying properties of WBP were substantially improved by conjugation with dextran. A well-balanced improvement in emulsifying activity and emulsion stability was observed for the WBP-DX40 conjugate. The emulsifying activity (OD at 500 nm without standing) of the WBP-DX40 conjugate was 2.7 times higher than that of native WBP, and the emulsion stability (half-life time of emulsion) of the WBP-DX40 conjugate was 6.0 times higher than that of the native WBP. In WBP conjugates, partially denatured proteins may attach at the oil-water interface during physiological emulsification to form a coherent layer with oil droplets, where hydrophilic dextran with an appropriate chain length (i.e., 40 kDa) provide colloid stability through their thickening behavior in the aqueous phase ([@b15-pnfs-19-327]--[@b18-pnfs-19-327]). Thus, we concluded that the introduction of dextran chains to WBP may be responsible for the observed improvements in solubility and emulsifying properties.

Changes in antigenicity
-----------------------

Immuno-dot blotting and QCM analyses were used to evaluate dextran conjugation-related changes in the antigenicity of WBP. We used human sera from four subjects who tested positive for the buckwheat-specific IgE antibody. As shown in [Fig. 5](#f5-pnfs-19-327){ref-type="fig"}, the introduction of polysaccharide chains decreased the reactivity of sera against WBP. The relative signal intensity of each dot was measured with a Java-based image processing program, Image J 1.47 (<http://imagej.nih.gov/ij/>); differences among the attenuation levels of DX6, DX17.5, DX40, DX70, and DX200 conjugates were not detected. Therefore, we used the QCM technique to determine the binding activity between WBP and the IgE antibody in sera.

As shown in [Fig. 6](#f6-pnfs-19-327){ref-type="fig"}, the 27-MHz frequency measured for native WBP on the QCM electrode remarkably decreased when the protein concentration was increased every 600 s. This change may provide evidence for an irreversible binding between WBP and the specific antibody against WBP because antigen-antibody interactions on the QCM electrode decrease the frequency of the electrode. However, the 27-MHz frequency was not changed by the addition of the WBP-DX40 conjugate, even at high concentrations. [Table 3](#t3-pnfs-19-327){ref-type="table"} shows the 27-MHz frequency values of WBP and WBP-DX conjugates at the final concentration of 5.0 mg-protein/mL (i.e., at 3,000 s). The frequency value of the WBP-conjugates was not lower than that of native WBP. Dextran chains on the molecular surface of WBP may prevent IgE antibody cross-linkage. In addition, the partial denaturation induced during Maillard-type glycation with dextran may cause conformational alterations that are accompanied by the destruction of WBP epitopes.

In this study, we demonstrated that Maillard-type glycation improved the water solubility, emulsifying properties, and hypoallergenicity of WBP without decreasing the number of available lysine residues. Many attempts have been made to develop non-toxic, food-based emulsifiers. Since dextran synthesized by lactic-acid bacteria such as *Leuconostoc mesenteroides* was the first microbial polysaccharide to be commercialized and receive approval for use in food in the many countries ([@b25-pnfs-19-327]), it should be the most promising agent to introduce hydrophilicity into WBP. WBP-dextran conjugates would be ideal as a novel macromolecular emulsifier for food application.
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![SDS-polyacrylamide gel electrophoretic patterns of whole buckwheat protein fractions prepared using different salt concentration. After electrophoresis, gel sheet was stained with Coomassie brilliant blue (CBB). Lane 1, whole buckwheat protein fraction (WBP) prepared using distilled water; lane 2, WBP prepared using 50 mM phosphate buffer, pH 7.5 (PBS); lane 3, WBP prepared using PBS containing 0.1 M NaCl; lane 4, WBP prepared using PBS containing 0.5 M NaCl.](pnfs-19-327f1){#f1-pnfs-19-327}

![Electrophoretic patterns of WBP-dextran conjugates. After electrophoresis, gel sheets were stained with Coomassie brilliant blue R-250 solution (CBB) and periodic acid-Fuchsin solution (PAS) for protein and dextran, respectively. Arrow indicates the boundary between stacking and separating gels. WBP, native WBP; DX6, WBP-DX6 conjugate; DX17.5, WBP-DX17.5 conjugate; DX40, WBP-DX40 conjugate; DX70, WBP-DX70 conjugate; DX200, WBP-DX200 conjugate.](pnfs-19-327f2){#f2-pnfs-19-327}

![Free amino acid groups in WBP-dextran conjugates. Determination of free amino acid group was done based on trinitrobenzene sulfonic acid (TNBS) test. Data show mean±SD (n=5) from three independent experiments. WBP, native WBP; DX6, WBP-DX6 conjugate; DX17.5, WBP-DX17.5 conjugate; DX40, WBP-DX40 conjugate; DX70, WBP-DX70 conjugate; DX200, WBP-DX200 conjugate.](pnfs-19-327f3){#f3-pnfs-19-327}

![Emulsifying properties of WBP-dextran conjugates. Data are from a representative experiment repeated three times with similar results. ○, native WBP; △, WBP-DX6 conjugate; ▲, WBP-DX17.5 conjugate; ●, WBP-DX40 conjugate; ■, WBP-DX70 conjugate; ⋄, WBP-DX200 conjugate.](pnfs-19-327f4){#f4-pnfs-19-327}

![Immuno dot-blotting profiles of WBP-dextran conjugates. WBP, native WBP; DX6, WBP-DX6 conjugate; DX17.5, WBP-DX17.5 conjugate; DX40, WBP-DX40 conjugate; DX70, WBP-DX70 conjugate; DX200, WBP-DX200 conjugate.](pnfs-19-327f5){#f5-pnfs-19-327}

![Change in QCM profile of WBP by the conjugation. Data are from a representative experiment repeated three times with similar results.](pnfs-19-327f6){#f6-pnfs-19-327}

###### 

Characteristics of human sera used in this study

  Serum No.   Allergy intensity[1)](#tfn1-pnfs-19-327){ref-type="table-fn"}   Age (years)   Sex
  ----------- --------------------------------------------------------------- ------------- --------
  1           1\~2                                                            12            Female
  2           2                                                               28            Female
  3           3                                                               45            Male
  4           ND                                                              18            Female

Allergy intensity is evaluated as follows: 0, negative; 1, pseudo-positive; 2\~6, positive expressed numerically; ND, not determined.

###### 

Effect of salt concentration on WBP solubility

           Distilled water   50 mM phosphate buffer (pH 7.5)                 
  -------- ----------------- --------------------------------- ------------- -------------
  WBP      0.498±0.013       0.654±0.012                       0.713±0.006   0.785±0.008
  DX6      0.524±0.007       0.793±0.006                       0.820±0.005   0.883±0.004
  DX17.5   0.689±0.008       0.848±0.009                       0.967±0.011   1.011±0.086
  DX40     0.759±0.006       0.922±0.005                       1.002±0.013   1.150±0.037
  DX70     0.711±0.008       0.913±0.002                       0.976±0.002   1.019±0.001
  DX200    0.512±0.010       0.724±0.005                       0.762±0.007   0.829±0.006

Values show the absorbance of the sample supernatant at 280 nm (mean±SD, n=6). WBP, native WBP; DX6, WBP-DX6 conjugate; DX17.5, WBP-DX17.5 conjugate; DX40, WBP-DX40 conjugate; DX70, WBP-DX70 conjugate; DX200, WBP-DX200 conjugate.

###### 

27-MHz frequency values at the final concentration of 5.0 mg protein/mL

           WBP     DX6     DX17.5   DX40      DX70     DX200
  -------- ------- ------- -------- --------- -------- --------
  Values   −41.1   −1.78   −0.146   −0.0629   −0.224   −0.188

WBP, native WBP; DX6, WBP-DX6 conjugate; DX17.5, WBP-DX17.5 conjugate; DX40, WBP-DX40 conjugate; DX70, WBP-DX70 conjugate; DX200, WBP-DX200 conjugate.
